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PREFACE 

The r e s e a r c h  r e p o r t e d  h e r e i n  was conducted by the Arnold  Eng i -  
nee r ing  Deve lopment  Cen te r  (AEDC), A i r  F o r c e  Sys tems  Command 
(AFSC), under  P r o g r a m  E l e m e n t  65807F. The r e s u l t s  were  obtained 
by ARO, Inc. (a subs id i a ry  of Sverdrup  & P a r c e l  and A s s o c i a t e s ,  
Inc . ) ,  con t r ac t  o p e r a t o r  of AEDC, AFSC, Arnold  A i r  F o r c e  Stat ion,  
Tennessee .  The work was done under  ARO P r o j e c t  No. V31S-04A. 
The au thor  of this  r e p o r t  was E. E. E r i c k s o n ,  ARO, Inc. The manu-  
s c r i p t  (ARO Cont ro l  No. ARO-VKF-TR-75-153)  was submi t ted  for  
publ ica t ion  on October  16, 1975. 
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1.0 INTRODUCTION 

This  r e p o r t  e v a l u a t e s  the  c r y o g e n i c ,  s t r u c t u r a l  s t r e n g t h  and p e r -  
f o r m a n c e  a s p e c t s  of a l i q u i d - h e l i u m  d e w a r  m i s s i l e  which  would  house  
a s u p e r c o n d u c t i n g  m a g n e t  f o r  gu idance  of the  m i s s i l e  in a b a l l i s t i c  
r a n g e .  The  d e w a r  is  b a s e d  on a c o n f i g u r a t i o n  s u g g e s t e d  by Dr .  H . J .  
F ink  of the  U n i v e r s i t y  of C a l i f o r n i a  ( consu l t an t  to ARO, I n c . ,  u n d e r  
ARO s u b c o n t r a c t  75 -12 -VKF) .  The  d e w a r  m i s s i l e  would  be  f i t t ed  wi th  
v a r i o u s  n o s e  c o n f i g u r a t i o n s  fo r  b a l l i s t i c  t e s t i n g .  The  t e s t i n g  p r o -  
c e d u r e  would  be to cool  and f i l l  the  d e w a r  wi th  l iqu id  h e l i u m ,  e n e r g i z e  
t h6"magne t ,  and p l ace  the  m i s s i l e  in a ' l a u n c h  tube.  The  m i s s i l e  would  
be l a u n c h e d  down a t e s t  r a n g e  by a t w o - s t a g e ,  l i g h t - g a s  l a u n c h e r .  
M i s s i l e  v e l o c i t y  in the  r a n g e  would  be d e t e r m i n e d  by the  l aunch  tube 
p r e s s u r e  l e v e l  and l eng th .  The  m a g n e t  in the  m i s s i l e  would i n t e r a c t  
wi th  a guide t r a c k  in the  r a n g e  to p r o v i d e  gu idance  into a d e c e l e r a t i o n  
and r e c o v e r y  s y s t e m .  

The  ch ie f  p u r p o s e  of th i s  a n a l y s i s  is  to def ine  in an a p p r o x i m a t e  
way the f e a s i b l e  o p e r a t i n g  r e g i m e  of a d e w a r  and m a g n e t  con t a in ing  
m i s s i l e  if i t  w e r e  to be l a u n c h e d  f r o m  a l a r g e ,  t w o - s t a g e ,  l i g h t - g a s  
gun such  as  the 2 . 5 - i n .  GO-4 l a u n c h e r  at the  AEDC. 

2.0 DEWAR MISSILE CONCEPT 

2.1 DEWAR CRITERIA 

The d e w a r  shou ld  be c o m p a t i b l e  wi th  the  fo l lowing  c r i t e r i a :  

1. D e w a r  s i z e  = 2 .5  in.  OD by 5 .0  in. l ong  

2. T i m e  to hold  the m a g n e t  at  8°R = 1.0 h r  

3. Typ ica l  l aunch  tube = 2 .5  in.  ID by 50 ft l ong  

4. M i s s i l e  v e l o c i t y  = 20 ,000 f t / s e c  

5. M i s s i l e  we igh t  = 0 .88  lb 

6. Magne t  s i ze ,  1 .0  in.  O D b y 0 . 5 i n .  I D b y 3 . 0  in.  long  

A p r e l i m i n a r y  concep t  of the  m i s s i l e  as  s u g g e s t e d  by Dr .  F i n k  i s  
shown in F ig .  1. Th i s  concep t  was  r e f i n e d  d u r i n g  the  t h e r m a l ,  
p r e s s u r e ,  and a c c e l e r a t i o n  s t r e n g t h  e v a l u a t i o n s .  It was  r e c o g -  
n i z e d  when  the  m a g n e t  s t r u c t u r a l  s t r e n g t h  was  i n v e s t i g a t e d  tha t  

5 
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the  d e w a r  could  not  m e e t  the  c r i t e r i a  of a t t a i n ing  a 2 0 , 0 0 0 - f t / s e c  
v e l o c i t y  in a 50-f t  l aunch  l eng th ,  but the  e f fo r t  was  con t i nued  to d e t e r -  
m i n e  the  d e w a r  concep t  l i m i t a t i o n s  and to l ay  the  g r o u n d w o r k  fo r  
f u tu r e  s t u d i e s .  

2.2 DEWAR DESCRIPTION 

The  d e w a r  c o n s i s t s  of an o u t e r  v e s s e l ,  i n n e r  v e s s e l ,  s uppo r t  
s t r u c t u r e ,  and fi l l  and ven t  tubes .  The  i n n e r  v e s s e l  h o u s e s  the  s u p e r -  
conduc t ing  m a g n e t  and the  l i q u i d - h e l i u m  coo l ing  m e d i u m .  The  l i q u i d -  
h e l i u m  r e q u i r e s  i s o l a t i o n  f r o m  a m b i e n t  h e a t  wh ich  d i c t a t e s  the  u s e  of 
s u p e r  i n s u l a t i o n  b e t w e e n  the  i n n e r  and o u t e r  d e w a r  v e s s e l s  and a 
m i n i m u m  su p p o r t  and f i l l  and ven t  tube  s t r u c t u r e .  Super  i n s u l a t i o n  
c o n s i s t s  of m u l t i p l e ,  a l t e r n a t i n g  l a y e r s  of r e f l e c t i v e  a l u m i n u m -  
coa t ed  p o l y e s t e r  f i l m  s e p a r a t e d  by a f ine  g l a s s  f i b e r  c lo th  s p a c e r  in 
a v a c u u m ,  and i t s  hea t  i n f i l t r a t i o n  is  l i m i t e d  to r a d i a t i o n  hea t  t r a n s -  
f e r  s i n c e  t h e r e  is  only  m i n i m a l  poin t  con tac t  b e t w e e n  the  r e f l e c t o r  
and  s p a c e r  m a t e r i a l .  Al l  m e t a l l i c  d e w a r  c o m p o n e n t s  a r e  type 304 
s t a i n l e s s  s t e e l  to k e e p  conduc t ive  h e a t  t r a n s f e r  to a m i n i m u m  and to 
be c o m p a t i b l e  wi th  the  cold  h e l i u m  t e m p e r a t u r e s .  

Vent Port 

/ 
Fill Port f Liquid Helium 

i 

f ~- Vacuum 

--Electric Connection 

Evacuation Port 

Magnet 

I nner Vessel 

Radiation Shield 

Outer Vessel 

Figure 1. Preliminary dewar missile concept. 
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2.3 DEWAR THERMAL CONSIDERATIONS 

D e w a r  h e a t  l e a k  and h e a t  c a p a c i t y  d e t e r m i n e  the  capab i l i t y  of 
the  d e w a r  of m e e t i n g  the o n e - h o u r  ho ld ing  t i m e  r e q u i r e m e n t  at  B°R. 
The t i m e  can be e x p r e s s e d  as  fo l lows :  

Q 
r = 

qr + qc 

w h e r e  

r = time, hr 

Q = heat capacity, Btu 

qr = radiation heat transfer, Btu/hr 

qc = conduction beat transfer, Btu/hr 

(I) 

The h e a t - t r a n s f e r  v a l u e s  m u s t  be  kep t  low and hea t  c a p a c i t y  h igh  to 
ob ta in  the  l o n g e s t  ho ld ing  t i m e s .  

2.3.1 Radiation Heat Transfer 

Rad ia t i on  hea t  t r a n s f e r  i s  c o n t r o l l e d  by the  n u m b e r  of l a y e r s  of 
s u p e r  i n s u l a t i o n  i n s t a l l e d  in the  v a c u u m  s p a c e  b e t w e e n  the  i n n e r  and 
o u t e r  v e s s e l s .  E a c h  l a y e r  of i n s u l a t i o n  c o n s i s t s  of a r a d i a t i o n  sh i e ld ,  
t h e r m a l l y  i s o l a t e d  by  a g l a s s  f i b e r  c lo th  s p a c e r  f r o m  a d j o i n i n g  l a y e r s .  
T w e n t y - f i v e  s h i e l d s  wi th  t w e n t y - f i v e  s p a c e r s  can  be f i t t ed  in a one 
c e n t i m e t e r  wide  space  (Ref.  1). The e q u a t i o n  fo r  r a d i a t i o n  hea t  t r a n s -  
f e r  i s  (Ref .  2): 

q r  = 

( , +  1) 1 + As 2_  

w h e r e  

a = S t e f a n - B o l t z m a n n  c o n s t a n t  = 1.189 × 1 0 - 1 1 B t u / h r i n . 2  o]t4 

A = ou te r  v e s s e l  o u t s i d e  s u r f a c e  a rea ,  in. 2 
s 1 

A = i n n e r  v e s s e l  o u t s i d e  su r f a c e  a rea ,  in .  2 
s 2 

T 1 = a m b i e n t  t e m p e r a t u r e ,  540° R  

7 
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T 2 = 

[1 ---- 

inner v e s s e l  t e m pe ra t u r e ,  8 ° R  

average e m i s s i v i t y  

number  of  r a d i a t i o n  s h i e l d s  

An e m i s s i v i t y  va lue  of 0 .05  was  u s e d  fo r  both  the  s t a i n l e s s  s t e e l  
and a l u m i n u m - c o a t e d  p o l y e s t e r  f i l m  s u r f a c e s  (Ref .  2). T r i a l  c a l c u -  
l a t i o n s  i n d i c a t e d  tha t  20 l a y e r s  of i n s u l a t i o n  would be a d e q u a t e  fo r  a 
n o m i n a l  r a d i a t i o n  h e a t  t r a n s f e r .  The  v a c u u m  s p a c e  was  s i z e d  fo r  20 
l a y e r s  of s u p e r  i n s u l a t i o n ,  and t h i s  s p a c e  d e t e r m i n e d  the i n n e r  v e s s e l  
o u t e r  d i a m e t e r ,  1 .96  in . ,  and  s u r f a c e  a r e a ,  3 0 . 4  in .  2. R a d i a t i o n  
hea t  t r a n s f e r  (qr)  was  c a l c u l a t e d  to be 0. 074 B t u / h r .  

2.3.2 Conduction Heat Transfer 

Conduc t ion  hea t  t r a n s f e r  o c c u r s  t h r o u g h  s u p p o r t s ,  f i l l ,  and ven t  
l i n e s  and a n y  d i r e c t  pa th  in to  the  i n n e r  v e s s e l .  Conduc t i on  i s  c a l c u -  
l a t e d  f r o m  the  equa t ion :  

kA(T 1 - T 2) 

qc = (3) 

w h e r e  

k = thermal conductivity, Btu in./in. 2 °R hr 

A = cross-sectional m'ea, in. 2 

T 1 = warm end temperature, °R 

T 2 ffi cold end temperature, °R 

= length, in. 

The conductive path should be as long as possible, have a minimal 
cross-sectional area, and have a low thermal conductivity to keep the 
heat transfer small. The dewar utilizes thin wall stainless steel tubing 
for the fill and vent lines. The original concept was changed to incorpo- 
rate a coiled tube in the vacuum space at each end of the dewar. The 
coiled tube provides a long conductive path and also prevents liquid 
helium from flowing out of the dewar when it is moved or placed hori- 
zontally since the tubes are open to the atmosphere. To further re- 
duce conduction heat leak, the coiled tubes also serve as the inner 
vessel supports when the dewar is at rest. The fill tube is 0. 0937 in. 
OD by 0. 005 in. wall by-4.25 in. long, and the vent tube is 0. 0937 in. 
OD by 0. 005 in. wall by 3.25 in. long. The tube diameters are as 
small as practical to pass liquid helium and the length as long as 
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p o s s i b l e  to f i t  the  end s p a c e .  The  t h e r m a l  c o n d u c t i v i t y  of  type  304 
s t a i n l e s s  s t e e l  i s  0. 354 Btu i n . / i n . 2 ° R .  F r o m  Eq.  (3), the  to t a l  con -  
duc t ion  hea t  t r a n s f e r  (qc) is the s u m  of the f i l l  and ven t  tube  t r a n s f e r ,  
0 .062  and 0 .081  B t u / h r ,  r e s p e c t i v e l y ,  o r  0. 143 B t u / h r .  Hea t  t r a n s -  
f e r  t h r o u g h  the m a g n e t  l e a d - i n  w i r e s  w a s  n e g l e c t e d  b e c a u s e  the  w i r e  
l e n g t h  is  r e l a t i v e l y  long  and the  c r o s s - s e c t i o n a l  a r e a  s m a l l  when  c o m -  
p a r e d  wi th  the  f i l l  and ven t  t u b e s .  

2.3.3 Heat Capacity 

H e a t  c a p a c i t y  in the  co ld  p a r t  of the  d e w a r  s y s t e m  d e p e n d s  
m a i n l y  on the  quan t i t y  of l i qu id  h e l i u m  p r e s e n t  s i n c e  the  s p e c i f i c  
h e a t s  of the  m a g n e t  and  d e w a r  s t r u c t u r e  a r e  n e a r  z e r o  at  8°R. H e a t  
c a p a c i t y  is  c a l c u l a t e d  f r o m  the equa t ion :  

Q = (v 2 - %,'m)p~ hf~ 

where 

%;. = inside ~lume of inner vessel, in. 3 

V m = volume of magnet, in. 3 

p~ = density of liquid helium, 15/in. 3 

hfg = |atent heat of liquid helium. Btu/Ib 

(4) 

The d e n s i t y  and l a t e n t  h e a t  of l iqu id  h e l i u m  at a t m o s p h e r i c  p r e s s u r e  
a r e  0 .00451  l b / i n .  3 and 8 .63  B t u / I b ,  r e s p e c t i v e l y  (Ref .  3). The  
i n n e r  v e s s e l  and m a g n e t  v o l u m e s  a r e  10 .9  and  1 .8  in. 3, r e s p e c t i v e l y .  
F o r  t h e s e  c o n d i t i o n s  the  hea t  c a p a c i t y  is  0 .3  54 Btu.  

2.3.4 Holding Time 

The ho ld ing  t i m e  at 8°R f r o m  Eq.  (1) is  98 m i n .  Th i s  i s  we l l  
above  the  c r i t e r i a  t i m e  of one h o u r ,  i n d i c a t i n g  tha t  the i n s u l a t i o n  d e -  
s ign  and l iqu id  h e l i u m  c a p a c i t y  a r e  a d e q u a t e .  

T y p i c a l  c y l i n d r i c a l  d e w a r  d i a m e t e r - l e n g t h  r e l a t i o n s h i p s  b a s e d  on 
the  s u r f a c e  a r e a s  of Eq .  (1) a r e  shown in F i g .  2. I n s u l a t i o n  and f i l l  
and ven t  t u b e s  a r e  the  s a m e  as  in the  f ina l  d e w a r  c o n c e p t .  R a d i a t i o n  
h e a t  l e a k  is p r o p o r t i o n a l  to the  i n n e r  and o u t e r  d e w a r  v e s s e l  s u r f a c e  
a r e a s  and  c o n d u c t i o n  h e a t  l e a k  is  c o n s t a n t  f o r  a l l  d e w a r  s i z e s ,  F i g -  
u r e  2 m a y  be  u s e d  to d e t e r m i n e  the  d e w a r  s i z e  w h i c h  wi l l  h o u s e  a 
known m a g n e t  v o l u m e  (Vm) and  m a i n t a i n  a t e m p e r a t u r e  of 8°R f o r  
one  h o u r .  

I 
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Typical dewar sizes for one hour holding time, 

2.4 VELOCITY AND ACCELERATION 

The v e l o c i t y  a t t a inab l e  by the  d e w a r  m i s s i l e  d e p e n d s  on the  
l aunch  tube l eng th  and the  a c c e l e r a t i o n  l o a d s  the  d e w a r  can  w i th -  
s tand .  The  u n i f o r m  a c c e l e r a t i o n  of a body f r o m  r e s t  to a f ina l  v e l o c i t y  
can be c a l c u l a t e d  f r o m  the  equa t ion :  

U 2 
a = - -  ( 5 )  

2s 

where  a is u n i f o r m  acce le ra t ion ,  f t / s e c  2, U is the ve loc i t y  f t / s e c ,  
and s is the launch tube length,  f t .  The acce le ra t i on  in a launch tube 
t y p i c a l l y  is  not  u n i f o r m ,  and e x p e r i e n c e  has  shown that  the  m a x i m u m  
a c c e l e r a t i o n  of a package  in the l aunch  tube of a t w o - s t a g e ,  l i g h t - g a s  
gun is  a p p r o x i m a t e l y  twice  the  m i n i m u m  u n i f o r m  a c c e l e r a t i o n .  

]0 
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Thus, 

U 2 
a ~ m 

m .q (6) 

where  am is the m a x i m u m  a c c e l e r a t i o n ,  f t / s e c  2. The m a x i m u m  
a c c e l e r a t i o n  for  a 50-ft  launch tube and 2 0 , 0 0 0 - f t / s e c  ve loc i ty  is  
8 mi l l i on  f t / s e c  2. The a c c e l e r a t i o n  can be e x p r e s s e d  as  a g - load  
fac tor :  

A m 

gf = g (7) 

where  gf is  the g - load  weight i n c r e a s e  fac to r  and g is the a c c e l e r a t i o n  
of g rav i ty ,  32.16 f t / s e c  ~'. The g- load  f ac to r  for  the 8 mi l l i on  f t / s e c  2 
a c c e l e r a t i o n  is  249,000.  Equat ions  (6) and (7) a re  combined and 
plot ted in Fig.  3 which shows the ve loc i ty ,  g - load  r e l a t i onsh ip  for  
va r i ous  launch tube lengths  and how i n c r e a s i n g  the launch tube length 
r educes  the g loads  or  i n c r e a s e s  the ve loc i ty .  Dif ferent  launch  tech-  
n iques ,  where  the m a x i m u m  a c c e l e r a t i o n  is  l e s s  than twice the un i fo rm  
a c c e l e r a t i o n ,  would a lso  d e c r e a s e  launch tube lengths .  
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2.5 ACCELERATION LOAD 

The a c c e l e r a t i o n  g l oads  m u l t i p l y  the  we igh t  of the  d e w a r  c o m -  
ponen t s  and a r e  p a r a l l e l  to the  l i ne  of f l ight .  C o n s e q u e n t l y ,  the  ax ia l  
l e n g t h  of the  c o m p o n e n t s  and the  m a t e r i a l  d e n s i t y  d e t e r m i n e  the  c o m -  
p r e s s i v e  s t r e s s  c a u s e d  by a c c e l e r a t i o n .  The  a c c e l e r a t i o n  s t r e s s  fo r  a 
c o n s t a n t  c r o s s - s e c t i o n a l  a r e a  can  be e x p r e s s e d  as  

S c = ep mgf 

w h e r e  S c i s  the  c o m p r e s s i v e  s t r e s s ,  ps i  and pr n 
l b / i n .  3 . 

i s  the  m e t a l  d e n s i t y ,  

(8) 

The u l t i m a t e  c o m p r e s s i v e  s t r e s s  is  c o n s i d e r e d  equa l  to the  
u l t i m a t e  t e n s i l e  s t r e s s  fo r  m o s t  m e t a l s  (Ref .  4). H o w e v e r ,  t h e r e  
is  an i n h e r e n t  s a f e ty  f a c t o r  in t h i s  a s s u m p t i o n  in tha t  the  t e n s i l e  
s t r e s s  is  b a s e d  on the  b r e a k i n g  point  of a round  t e s t  s p e c i m e n .  
E l o n g a t i o n  of the  t e s t  s p e c i m e n  o c c u r s  b e f o r e  the  b r e a k i n g  point ,  
r e d u c i n g  the  c r o s s - s e c t i o n a l  a r e a ,  in e f fec t  w e a k e n i n g  the  t e s t  s p e c i m e n .  
Th i s  a r e a  r e d u c t i o n  does  not  t ake  p l a c e  d u r i n g  c o m p r e s s i o n  l oad ing .  
Any y i e l d i n g  of the  m a t e r i a l  a c t u a l l y  i n c r e a s e s  the  c r o s s - s e c t i o n a l  
a r e a ,  thus  i n c r e a s i n g  the  m a t e r i a l  l oad  c a r r y i n g  c a p a b i l i t i e s .  The  
u l t i m a t e  c o m p r e s s i v e  s t r e s s  is  thus  l a r g e r  than  the  u l t i m a t e  t e n s i l e  
s t r e s s  by a f a c t o r  e q u i v a l e n t  to the  r a t i o  of the  t e s t  s p e c i m e n  o r i g i -  
na l  to r e d u c e d  c r o s s - s e c t i o n a l  a r e a .  U l t i m a t e  c o m p r e s s i v e  s t r e s s  
v a l u e s  equa l  to the  u l t i m a t e  t e n s i l e  s t r e s s ,  with i t s  i n h e r e n t  s a f e ty  
f a c t o r ,  wi l l  be  u s e d  s i n c e  the  g l o a d s  a r e  m o m e n t a r y  and do not  en -  
d a n g e r  p e r s o n n e l .  

The  c o m p r e s s i v e  s t r e n g t h  of the  d e w a r  s t a i n l e s s  s t e e l  is  84 ,000  
ps i .  The  c o m p r e s s i v e  s t r e n g t h s  of n i o b i u m - t i n  and c o p p e r ,  the  s u p e r  
conduc t ing  m a g n e t  m a t e r i a l s ,  a r e ,  r e s p e c t i v e l y ,  24 ,000 and 32 ,000  

\ 

ps i .  The  low s t r e n g t h s  of the  n i o b i u m - t i n  and c o p p e r  i n d i c a t e  the 
m a g n e t  to be the  g - l o a d  l i m i t i n g  f ac to r .  The  g - l o a d  f ac to r  as a func -  
t ion of m a t e r i a l  s t r e n g t h ,  l eng th ,  and d e n s i t y  is  shown  in F ig .  4. The  
m a x i m u m  g load  fo r  a 3 - i n . - l o n g  m a g n e t  b a s e d  on the  s t r e n g t h  of 
n i o b i u m - t i n  is  24 ,000 .  H o w e v e r ,  an a l l owab le  g - l o a d . v a l u e  of 15 ,000 
was  s e l e c t e d  s i n c e  the  m a g n e t  is  not  h o m o g e n e o u s  and to a l low a s a f e ty  
f ac to r  fo r  n o n u n i f o r m i t y  and d i s c o n t i n u i t y  in the  m a g n e t  s t r u c t u r e .  
F i g u r e  3 i n d i c a t e s  tha t  th i s  c o r r e s p o n d s  to a 5 , 0 0 0 - f t / s e c  v e l o c i t y  in 

12 
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a 50-f t  l a u n c h  tube .  C o n v e r s e l y ,  an 8 3 0 - f t - l o n g  l a u n c h  tube  would  be  
r e q u i r e d  to a t t a in  a 20 ,000  f t / s e c  v e l o c i t y .  
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Figure 4. Material g-load resistance. 

2.6 PRESSURE STRENGTH 

The  d e w a r  c y l i n d r i c a l  w a l l s  m u s t  w i t h s t a n d  the  p r e s s u r e  s t r e s s  
r e s u l t i n g  f r o m  the  e v a c u a t e d  i n s u l a t i o n  s p a c e  a s  we l l  a s  the  g l o a d s .  
The  o u t e r  v e s s e l  s h e l l  m u s t  w i t h s t a n d  an e x t e r n a l  p r e s s u r e  of one  
a t m o s p h e r e .  The  e q u a t i o n  u s e d  to a p p r o x i m a t e  the  o u t e r  s h e l l  wa l l  
t h i c k n e s s  r e q u i r e d  f o r  the  e x t e r n a l  p r e s s u r e  i s  (Ref .  4): 

(9,) 

13 
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w h e r e  

t = wall thickness, i n .  

~, = Poisson's ratio, 0 . 2 6  

p = external pressure, psi 

r = radius, in. 

E = modulus of elasticity, 28 million psi 

The  wa l l  t h i c k n e s s  fo r  s t a i n l e s s  s t e e l  m u s t  be  a m i n i m u m  of 0. 015 in. 
f o r  one a t m o s p h e r e  e x t e r n a l  p r e s s u r e ,  and  a wa l l  t h i c k n e s s  of 
0. 020 in .  i s  s p e c i f i e d  to f a c i l i t a t e  f a b r i c a t i o n .  

The  i n n e r  v e s s e l  wa l l  t h i c k n e s s  m u s t  w i t h s t a n d  one a t m o s p h e r e  
i n t e r n a l  p r e s s u r e .  The  equa t ion  f o r  the  wa l l  t h i c k n e s s  i s  (Ref .  5): 

p r  
t .~ 

st (I0) 

w h e r e  S t i s  the  a l l o w a b l e  t e n s i l e  s t r e s s ,  p s i .  An a l l o w a b l e  t e n s i l e  
s t r e s s  v a l u e  equa l  to o n e - q u a r t e r  of the  u l t i m a t e  t e n s i l e  s t r e s s  i s  u s e d  
f o r  the  p r e s s u r e  s t r e s s  a s  a s a f e t y  f a c t o r .  

The  wa l l  t h i c k n e s s  m u s t  be  a m i n i m u m  of 0. 001 in.  f o r  a o n e -  
a t m o s p h e r e  i n t e r n a l  p r e s s u r e  and  s t a i n l e s s  s t e e l  a l l o w a b l e  s t r e s s  of 
21 ,000  ps i .  N o m i n a l  t h i c k n e s s  is  s p e c i f i e d  to be  0 .020  in.  to p r o v i d e  
a t h i c k n e s s  s u i t a b l e  f o r  f a b r i c a t i o n  and  to a l l o w  e x t r a  m a t e r i a l  f o r  
g - l o a d  s u p p o r t .  

The  d e w a r  ends  m u s t  a l s o  w i t h s t a n d  a o n e - a t m o s p h e r e  p r e s s u r e .  ~ 
The  e q u a t i o n  fo r  the  t h i c k n e s s  of a f l a t  c i r c u l a r  end is  (Ref .  5): 

(li) 

w h e r e  d is  the  d i a m e t e r ,  in . ,  and C is  a c o e f f i c i e n t  d e p e n d i n g  o n ' t h e  
edge  r e s t r a i n t ,  in th i s  c a s e  0 . 2 5 .  F o r  the  o u t e r  v e s s e l ,  2 . 5 - i n . - O D ,  
the  m i n i m u m  end t h i c k n e s s  is  0. 033 in.  F o r  the  i n n e r  v e s s e l ,  
1 . 9 6 - i n . - O D ,  the  m i n i m u m  end t h i c k n e s s  is  0. 026 in.  

#The  e x t e r n a l  p r e s s u r e  of l a u n c h  wi l l  be  o f f se t  by the  i n t e r n a l  
g f o r c e s  on the  r e a r  end p la te ;  h o w e v e r ,  f ina l  d e s i g n  shou ld  c o n -  
s i d e r  l i m i t i n g  p r e s s u r e s  to the  s i d e s  by s u i t a b l e  s e a l s .  

14 
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2.7 COMBINED ACCELERATION AND PRESSURE STRENGTH 

S t r e s s e s  due to the g load  a r e  next  c o m b i n e d  wi th  the  p r e s s u r e  
s t r e s s  to d e t e r m i n e  the  f ina l  s t r e n g t h  r e q u i r e m e n t s .  F o r  the  d e w a r  
w a l l s ,  the  p r e s s u r e  and g - l o a d  s t r e s s  ac t  at  r i g h t  a n g l e s  to e a c h  
o t h e r ,  and the  m a x i m u m  s t r e s s  v a l u e  is the  m a x i m u m  p r i n c i p a l  
s t r e s s  {Ref. 4). T h e r e f o r e ,  t h e  wal l  s t r e n g t h  is a d e q u a t e  if it  w i l l  
s e p a r a t e l y  w i t h s t a n d  the  p r e s s u r e  s t r e s s  o r  the g load .  F r o m  
F ig .  4, it is  a p p a r e n t  tha t  the s t a i n l e s s  s t e e l  s h e l l  can  be up to 
20 in.  long  and s t i l l  w i t h s t a n d  a 15 ,000 g load .  The s h e l l  i s ,  t h e r e -  
f o r e ,  s t r o n g  enough  to s u p p o r t  the p r e s s u r e  load ,  g load ,  and a n o s e  
and end p la te  w e i g h t  e q u i v a l e n t  to the we igh t  of 20 m i n u s  5 o r  15 in.  
of s h e l l  l e n g t h ,  0 . 68  lb.  The  o u t e r  v e s s e l  f ron t  end p la te  g load  a c t s  
in the  s a m e  d i r e c t i o n  as  the  p r e s s u r e  l oad ,  and the p r e s s u r e  load  
m u s t  be a d d e d  to the p r e s s u r e  e q u i v a l e n t  g load .  The  p r e s s u r e  
e q u i v a l e n t  g l oad  is  

pa = p,. t gf (12) 

w h e r e  pg is in ps i .  

The  r e q u i r e d  end p la t e  t h i c k n e s s  for  the c o m b i n e d  p r e s s u r e  l o a d s  
can  be  d e t e r m i n e d  f r o m  Eq.  (11) by add ing  the  p r e s s u r e  e q u i v a l e n t ,  pg, 
to the p r e s s u r e ,  p. A head  t h i c k n e s s  of 0 .080  in.  wi l l  have  a s t r e s s  
l e v e l  of 84 ,000 ps i  fo r  a 15 ,000  g load .  The  i n n e r  v e s s e l  f r o n t  end 
p l a t e  t h i c k n e s s  is c a l c u l a t e d  f r o m  the d i f f e r e n c e  b e t w e e n  pg and p 
s i n c e  the  f o r c e s  ac t  in oppos i t e  d i r e c t i o n s .  T h e  i n n e r  v e s s e l  end 
p l a t e  m i n i m u m  t h i c k n e s s  is  0. 056 in.  fo r  an 8 4 , 0 0 0 - p s i  s t r e s s .  

2.8 INNER VESSEL SUPPORT 

The  i n n e r  v e s s e l  s u p p o r t  s y s t e m  m u s t  w i t h s t a n d  the  h igh g l o a d s .  
An a d e q u a t e  f ixed  s u p p o r t  t h r o u g h  the  v a c u u m  s p a c e  would  i n t r o d u c e  a 
l a r g e  hea t  l e a k  into  the i n n e r  v e s s e l .  To e l i m i n a t e  the  f ixed  s u p p o r t  a 
s t a i n l e s s  s t e e l  b u m p e r - t y p e  s u p p o r t  was  p l a c e d  on the i n n e r  v e s s e l  
wi th  an 0 . 0 6 - i n .  gap b e t w e e n  the b u m p e r  and  r e a r  end  p l a t e .  The  
i n n e r  v e s s e l  is  f r e e  to m o v e  a x i a l l y  on the c o i l e d  f i l l  and ven t  tube  
s u p p o r t s ,  and d u r i n g  l a u n c h ,  the  g l o a d s  f o r c e  the i n n e r  v e s s e l  and 
b u m p e r  a g a i n s t  the end p la te  p r o v i d i n g  a d i r e c t ,  so l id  s u p p o r t .  A 
h a r d  r u b b e r  pad in the  end p la t e  a b s o r b s  s o m e  of the  i n i t i a l  shock .  

15 
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The  l a u n c h  f o r c e  l a s t s  on ly  f o r  a f r a c t i o n  of a s e c o n d  so tha t  h e a t  l e a k  
into the  i n n e r  v e s s e l  i s  i n s i g n i f i c a n t .  

The  b u m p e r  m u s t  be s t r o n g  enough  to s u p p o r t  i t s  own w e i g h t  
p lus  the  w e i g h t  of the  i n n e r  v e s s e l ,  i n s u l a t i o n ,  m a g n e t ,  and l i qu id  
h e l i u m .  Weight  of t h e s e  c o m p o n e n t s  i s  e s t i m a t e d  to be:  

I n n e r  v e s s e l ,  0 . 3 0  lb 
I n s u l a t i o n ,  0 . 03  lb 
Magne t ,  0 . 5 4  lb 
L i q u i d  h e l i u m ,  0 . 0 4  lb 

The  equa t ion  f o r  the  c r o s s - s e c t i o n a l  a r e a  of the  s u p p o r t  i s  

A = Wgf 

S c - ~pmg f (13) 

w h e r e  W is the  to t a l  w e i g h t  to be s u p p o r t e d .  The  r e q u i r e d  b u m p e r  
c r o s s - s e c t i o n a l  a r e a  is  0 . 16  in.  2 f o r  a 15 ,000  g l oad .  

3.0 FINAL DEWAR CONCEPT 

3.1 SPECIFICATIONS 

The d e v e l o p m e n t  p r o c e d u r e  c u l m i n a t e d  in the  d e w a r  shown in 
F ig .  5, f o r  w h i c h  s p e c i f i c a t i o n s  fol low: 

M a t e r i a l ,  t ype  304 s t a i n l e s s  s t e e l  
u l t i m a t e  t e n s i l e  s t r e s s  = 84 ,000  ps i  
d e n s i t y  = 0 .29  l b / i n .  3 

M a x i m u m  g L o a d  = 15 ,000 l i m i t e d  by m a g n e t  

~Veight, l e s s  nose  and l iqu id  h e l i u m  = 1 .42  Ib 

O u t e r  V e s s e l ,  2 . 5 - i n .  OD by 5 . 0 - i n .  long  
s h e l l  t h i c k n e s s  = 0. 020 in. 
f r o n t  end p l a t e  t h i c k n e s s  = 0. 080 in.  
r e a r  end  p la t e  t h i c k n e s s  = 0. 125 in.  
w e i g h t  = 0 .55  lb 

I n n e r  V e s s e l ,  1 . 9 6 - i n .  OD by  3 . 9 5 - i n .  l ong  
s h e l l  t h i c k n e s s  = 0. 020 in.  
f r o n t  end p la t e  t h i c k n e s s  = 0. 060 in.  
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r e a r  end p l a t e  t h i c k n e s s  = 0. 090 in.  
b u m p e r  s i z e  = 1 . 0 - i n .  OD by 0. 875- in .  ID by  

0 .31  in.  l ong  
we igh t  = 0 .30  11o 

F i l l  Tube ,  0. 0937- in .  OD by  0. 005- in .  wa l l  by  4 . 2 5 - i n .  l ong  
we igh t  = 0. 009. lb  

Ven t  Tube ,  0. 0937- in .  OD by 0. 005- in .  wa l l  by  3 . 2 5 - i n .  l ong  
we igh t  = 0. 001 lb 

Super  I n s u l a t i o n ,  20 l a y e r s  a l u m i n u m  coa ted  p o l y e s t e r  p l a s t i c  
wi th  g l a s s  f i b e r  c lo th  s e p a r a t o r  

we igh t  = 0 .03  lb 

Magne t ,  1 . 0 - i n .  OD by  0 . 5 - i n .  ID by  3 . 0 - i n .  l ong  
we igh t  = 0 . 5 4  lb 

N o s e  Weight ,  l i m i t e d  by  o u t e r  v e s s e l  s h e l l  s t r e n g t h  = 0 . 5  lb  

f-Vent Pod Fill Pod -7 
/ r  Bumper Evacuatlon Pork -7 
/ / /-Vent T,,be RII Tube/7 / / 

.I I I  ruq"id'""" / / /  / 
mo/.  / , / 

[ *- Inner Vessel L_ Electrical 
~- Outer Vessel Super Insulation Conmctlon 

Rubber Pad Flll 

Rear Cross Section Front Cross Section 

Figure 5. Final dewar missile concept. 
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3.2 DEWAR FEATURES 

Sign i f i can t  f e a t u r e s  of the  d e w a r  a r e :  

1. The  l iqu id  h e l i u m  f i l l  and ven t  t ubes  a l so  suppo r t  the 
i n n e r  v e s s e l ,  e l i m i n a t i n g  e x t r a n e o u s  s u p p o r t s .  

2. The  s u p p o r t s  a l low axia l  m o v e m e n t  of the  i n n e r  v e s s e l  
so  tha t  l aunch  g f o r c e s  a r e  opposed  wi th  a so l id  b u m p e r  
suppor t .  

3. The  s u p e r  conduc t ing  m a g n e t  e l e c t r i c  supply  w i r e s  r u n  
i n s i d e  the  f i l l  tube to e l i m i n a t e  v a c u u m  t ight  e l e c t r i c a l  
c o n n e c t i o n s .  

4. The  f i l l  and ven t  tube c o n f i g u r a t i o n s  m i n i m i z e  l o s s  of 
l i qu id  h e l i u m  when  the d e w a r  is  p l a c e d  h o r i z o n t a l l y  and 
du r ing  l aunch .  

5. A h e l i u m  boi lof f  gas  sh i e ld ,  which  i s  s o m e t i m e s  u s e d  
on l a r g e r  d e w a r s ,  was  not  r e q u i r e d  and the  l a y e r s  of 
s u p e r  i n s u l a t i o n  w e r e  kep t  to a m i n i m u m  s i n c e  the  
m a j o r  hea t  t r a n s f e r  in a s m a l l  d e w a r  i s  due to c o n -  
duc t ion .  

4.0 DISCUSSION OF RESULTS 

The d e w a r  can hold  a 3 - i n . - l o n g  s u p e r c o n d u c t i n g  m a g n e t  at 8°R 
fo r  1 h r  38 rain and can w i t h s t a n d  a 15,000 g load .  At th i s  g load ,  
i t  i s  e s t i m a t e d  tha t  the  d e w a r  could  r e a c h  a v e l o c i t y  of a p p r o x i m a t e l y  
5 ,000 f t / s e c  wi th  a 50- i t  l a u n c h  tube o r  a v e l o c i t y  of 20 ,000 f t / s e c  
wi th  an 830- i t  l a u n c h  tube.  I n c r e a s i n g  the  a c c e p t a b l e  g l o a d s  wi l l  r e -  
duce  the  l aunch  tube l e n g t h  fo r  any  g iven  v e l o c i t y .  

The m a g n e t  m e c h a n i c a l  s t r e n g t h  i s  the  l i m i t i n g  g - l o a d  f a c t o r .  
Magne t  u l t i m a t e  g l o a d i n g  can  b e s t  be d e t e r m i n e d  by t e s t  s i n c e  c o n -  
s t r u c t i o n  v a r i a b l e s  such  as  the  c o n f i g u r a t i o n  and t i g h t n e s s  of w i n d -  
ings  can  not  be e v a l u a t e d  a n a l y t i c a l l y .  F u t u r e  d e v e l o p m e n t  would  be 
n e e d e d  to d e t e r m i n e  the  b e s t  b a l a n c e  b e t w e e n  m a g n e t  d e s i g n  and 
l a u n c h  tube l e n g t h  and to i n v e s t i g a t e  d i f f e r e n t  l a u n c h  t e c h n i q u e s .  

It m u s t  be kep t  in  m i n d  tha t  the  l a u n c h  p r o c e s s  of a t yp i ca l  two-  
s t age ,  l i g h t - g a s  gun e n t a i l s  t r a n s i e n t  e f f ec t s  of undoub ted  s i g n i f i c a n c e  
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in the p rob l em a d d r e s s e d  he re in .  T h e r e f o r e ,  the ac tual  app l ica t ion ,  
i f  th is  development  were  to be c a r r i e d  fo rward ,  could be expected to 
r e v e a l  p r o b l e m s  not ful ly  deal t  with in th is  e x p l o r a t o r y  ana ly s i s .  In 
any case ,  it is  appa ren t  that  the concept  of a dewar  and magne t  
c a r r y i n g  m i s s i l e  is  bese t  by s eve re  l im i t a t i ons  on a l lowable  launch 
ve loc i ty  when guns of p r a c t i c a l  s ize  a r e  cons ide red .  
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NOMENCLATURE 

A 

A s 

a 

am 

C 

d 

E 

g 

gf 

hfg 

k 

n 

P 

Pg 
Q 

qc 

qr 
r 

Sc 

St 

S 

T 

t 

U 

V 

Vm 

Cross-sectional area, in. 2 

Surface area, in. 2 

Uniform acceleration, ft/sec 2 

Maximum acceleration, ft/sec 2 

Coefficient, dimensionless 

Diameter, in. 

l~Iodulus of elasticity, psi 

Acceleration of gravity, 3 2.16 ft/sec 2 

g-load factor, dimensionless 

Latent heat, Btu/lb 

Thermal conductivity, Btu in./in. 2 °F hr 

Length, in. 

Number of radiation shields, dimensionless 

Pressure, psi 

Pressure equivalent, psi 

Heat capacity, Btu 

Heat conduction, Btu/hr  

Heat radiation, Btu/hr  

Radius, in. 

Compressive s t ress ,  psi 

Tensile s t ress ,  psi 

Distance, ft 

Temperature ,  °R 

Thickness, in. 

Velocity, f t / sec  

Volume, in. 3 
3 Magnet volume, in. 
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W 

E 

XP 

Pm 
(T 

T 

SUBSCR IPTS 

1 

2 

Weight,  lb 

E m i s s i v i t y ,  d imens ion l e s s  

P o i s s o n ' s  r a t io ,  d i m e n s i o n l e s s  

L iqu id -he l i um dens i ty ,  l b / i n .  3 

Metal  dens i ty ,  l b / i n .  3 

S te fan -Bol t zmann  constant ,  B tu / in .  2 h r  °R 4 

T ime ,  h r  

Outer  v e s s e l  condi t ions  

Inner  v e s s e l  condi t ions  
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